2 lineage-specific polyploidization events, the base chromosome number of 2n=2x=20 is relatively 24 conserved across the Asparagus genus. Regardless, dioecious species tend to have larger 25 genomes than hermaphroditic species. Here we test whether this genome size expansion in 26 dioecious species is related to a polyploidization and subsequent chromosome fusion or 27 retrotransposon proliferation in dioecious species. We first estimate genome sizes or use 28 published values for four hermaphrodites and four dioecious species distributed across the 29 phylogeny and show that dioecious species typically have larger genomes than hermaphroditic 30 species. Utilizing a phylogenomic approach we find no evidence for ancient polyploidization 31 contributing to increased genome sizes of sampled dioecious species. We do find support for an 32 ancient whole genome duplication event predating the diversification of the Asparagus genus. 33
Repetitive DNA content of the four hermaphroditic and four dioecious species was characterized 34 based on randomly sampled whole genome shotgun sequencing and common elements were 35 annotated. Across our broad phylogenetic sampling, Ty-1 Copia retroelements in particular have 36 undergone a marked proliferation in dioecious species. In the absence of a detectable whole 37
Introduction 41 42 Fewer than 10% of flowering plant species are dioecious, the condition where individual 43 plants are distinctly male or female (Ainsworth 2000) . Gender in some dioecious plants can be 44 between the X and Y (or Z and W) where tightly linked sex determination genes reside 49 (Charlesworth and Charlesworth 1978) . Given the repeated and independent evolution of dioecy 50 across the angiosperm phylogeny, the transition from autosome to sex chromosome is 51 undoubtedly governed by different sex determination genes and evolutionary processes, and 52 consequently must be viewed in a taxon-specific context. Despite this diversity in sex 53 chromosome evolution across the angiosperms, two particularly interesting associations can be 54 seen in some dioecious systems coincident with variation in sexual system: the proliferation of 55 repetitive elements and the occurrence of one or multiple whole genome duplication (polyploidy) 56
events. 57
As a consequence of restricted recombination between regions of sex chromosomes, 58
repetitive elements tend to persist and replicate in an unbalanced way, preferentially 59 accumulating on hemizygous regions of Y and W chromosomes. Transposable elements can be 60 broadly classified primarily by their means of transposition (Wicker et al. 2007 ); class I 61 retrotransposons move by a "copy and paste" mechanism and replicate through an mRNA 62 intermediate which ultimately results in a net increase of the element's copy number, whereas 63 class II transposable elements move through a DNA intermediate in a "cut and paste" fashion. 64
Since Class I retrotransposons can range in length from 5 to 20 kilobases or longer, their 65 proliferation can lead to drastic and rapid changes in genome size (Kidwell 2002) . This 66 accumulation, especially of active retroelements, can be clearly seen when comparing the 67 relatively young papaya X and hermaphrodite-specific region of the Y (HSY) (VanBuren and 68
Ming 2013). Unbalanced accumulation of transposons and other repetitive elements, paired with 69 the inability for recombination to remove them along with other deleterious mutations, is likely a 70 major factor that leads to the initial physical expansion and genic degeneration of a young, 71 partially non-recombining Y or W chromosome (Steinemann and Steinemann 1998; Bachtrog et 72 al. 2008; Bachtrog 2013) . Transposons have also been directly implicated in the evolution of sex 73 determination genes through disruption of gene expression. In melon (Cucumis melo), a class II 74 hAT DNA transposon insertion is responsible for promoter hypermethylation and transcriptional 75 repression of the zinc-finger transcription factor CMWIP1, heritably inducing the transition from 76 monoecy to gynodioecy (Boualem et al. 2008) . 77
An association between polyploidy and transitions in sexual system across the 78 angiosperms is most clear in the Fragaria genus, where at least four independent whole genome 79 duplication events have occurred across all major clades, leading to an abundance of polyploid 80 dioecious species phylogenetically placed as sister to dioecious hermaphrodites (Rousseau-81
Gueutin et al. 2009; Ashman et al. 2013) . However loss of dioecy has also been associated with 82 an increase in ploidy, as seen in one clade of Mercurialis (Krähenbühl et al. 2002) . The 83 mechanisms that potentially relate whole genome duplication events to the evolution of sexually 84 dimorphic populations are variable and poorly understood, though, again owing to the extreme 85 complexity and species-specific nature of sex chromosome and dioecy. 86
Garden asparagus (Asparagus officinalis L.) is a particularly useful dioecious plant for 87 studying sex chromosome evolution given that it has cytologically homomorphic X and Y sex 88 chromosomes, suggesting that the transition from hermaphroditism to dioecy was recent 89 . It was previously reported that dioecious Asparagus species tend 92 5 to have larger genomes than hermaphrodites, but there was no evidence supporting a whole 93 genome duplication event that separates the dioecious species from the hermaphrodites (Kuhl et 94 al. 2005) . The base chromosome number of 2n=2x=20 is generally consistent across the genus 95 except for instances of very recent polyploidization in some species (Kanno and Yokoyama 96 2011) . These findings suggest one of two hypotheses may be responsible for an increase in 97 genome size: one possibility is that a whole genome duplication occurred in the last common 98 ancestor of all dioecious species, followed by a chromosome fusion or reduction, and another 99 possibility is that repetitive DNA has proliferated to drive the increase in the genome sizes of 100 dioecious species. Here, we test both hypotheses by first leveraging transcriptome assemblies for 101 one hermaphroditic and one dioecious species to identify the relative timing of whole genome 102 duplication events in the genus Asparagus. We then use shallow Roche 454 whole genome 103 shotgun sequencing from four hermaphrodites and four dioecious species that are sampled from 104 across the phylogeny to assess the repetitive element content of each species in relation to its 105 genome size. Yokoyama 2011). Flow cytometry-derived genome sizes (pg/1C) for hermaphrodites range from 120 0.72 to 1.06, while dioecious species range from 1.09 to 1.37. Dioecious species tend to have 121 larger genome sizes than hermaphroditic species (Unpaired t test, p = 0.0173). An outlier is the 122 hermaphrodite Asparagus asparagoides with a relatively large genome size (1C = 2.40; Dixon's 123 Q test, p = 0.074). 124
125
No evidence for a dioecy-specific polyploidy event 126
We employed a phylogenomics approach to test whether a whole genome duplication 127 event separates the dioecious and hermaphroditic species in Asparagus. Transcriptome 128 assemblies were generated for two species sampled broadly across the phylogeny: a basal diploid 129 hermaphrodite (A. asparagoides; 2n=2x=20) and diploid dioecious garden asparagus (A. 7 Transcriptome assembly and translation results for the two species are presented in 138 Supplementary Table 1 . One distinct, shared polyploidization event (Ks ~ 0.5) was inferred from 139
the Ks frequency distribution of paralogous pairs in both Asparagus species ( Figure 1 ; 140 Supplementary Table 2 ). Additionally, orthologous pairs exhibit a Ks peak close to 0, 141 representing low divergence and suggestive of recent diversification of species and/or similar 142 mutation rates. Comparison of orthologs and paralogs demonstrates that at least one detectable 143 genome duplication event occurred before the diversification of the Asparagus genus ( Figure 1) . 144
A major limitation with Ks analyses is that more recent duplication events are difficult to 145 detect (Blanc and Wolfe 2004; Cui et al. 2006 ). This issue is exacerbated when using de novo 146 transcriptome assemblies, where recently duplicated paralogs can be computationally mistaken 147 as alleles and incorrectly collapsed into a single transcript sequence during the assembly process. 148
Given that there are no current age estimates for the divergence of the Asparagus lineage, we 149 cannot exclude the possibility that a more recent duplication event, such as one that may have 150 co-occurred with the evolution of dioecy, could be undetectable by transcriptome data. However, 151 such a whole genome duplication event would need to be a followed by multiple chromosome 152 fusion or loss events to reduce the chromosome number back to 2n=2x=20 found in most 153 karyotyped dioecious Asparagus species (Kanno and Yokoyama 2011). Taken together, the 154 overlapping paralogous and orthologous Ks distributions do not support the hypothesis that a 155 whole genome duplication event occurred coincident with the evolution of dioecy. 156 157
Lineage-specific expansion of transposable elements 158
Given the lack of evidence that ancient polyploidy was responsible for the larger genome 159 sizes of dioecious Asparagus species relative to hermaphroditic species, we assessed the 160 alternative hypothesis that the genome size increases in dioecious species was due to transposon 161 amplification. We utilized whole genome shotgun sequence reads to assess the repetitive content 162 of hermaphrodite and dioecious Asparagus species using the RepeatExplorer Galaxy server 163 (http://www.repeatexplorer.org). Briefly, this method utilizes all-by-all read comparisons 164 followed by Louvain clustering (Blondel et al. 2008 ) to place reads into unbiased clusters of 165 putative high copy elements, followed by a RepeatMasker annotation and cap3 assembly (Huang 166 and Madan 1999). 167
A total of 327,048 raw reads were sequenced for the eight genomes using Roche 454 168 FLX chemistry, with genome coverages ranging from 0.0051X to 0.0234X (Supplementary 169 Table 3 ). After removing duplicate reads that were likely clonal, 321,865 total reads remained 170 for analysis. To improve clustering, we then removed reads less than 100nt long, yielding a 171 filtered set of 296,365 reads (mean = 37,047 reads per species) with a mean length of 321nt. The 172 filtered set of reads was concatenated and clustered using the RepeatExplorer pipeline, placing 173 162,435 reads into 29,643 repetitive element clusters (Table 1) . Repetitive element clusters were 174 filtered by read count, requiring at least 0.01% of the total filtered reads (30 reads), amounting to 175 336 clusters for downstream analysis. These clusters were annotated against a custom 176
RepeatMasker database generated with additional data for dioecious A. officinalis. For a given 177 cluster of repetitive elements, the repetitive fraction of each species' genome was calculated as 178 the number of a given species' reads in a cluster divided by the total number of reads sequenced 179 for that species, represented as a percentage. 180
Multidimensional Scaling (MDS) analysis of the genomic proportions for all clusters 181
shows that dioecious and hermaphroditic species form two distinct clusters ( Figure 2 ). In 182 general, Gypsy and Copia retrotransposons dominate the genomic landscape for all sampled 183 larger percentage of each genome than in the hermaphrodites, although Copia elements have 185 distinctly expanded in the dioecious species (Figure 2 ). This suggests that both Gypsy and Copia 186 elements increased in copy number in the dioecious species, and the proliferation of Copia 187 elements was a more substantial contributor to the expansion of dioecious genome sizes. 188
We identified 46 repetitive element clusters that were private to the dioecious species and 189 37 clusters that were private to all hermaphroditic species. In the dioecious species, 26 clusters 190
were Gypsy and 7 clusters were Copia, whereas in the hermaphroditic species, 12 clusters were 191
Gypsy and 11 clusters were Copia. This suggests that there is active turnover of transposable pipeline with this single species. The repeat content was estimated at 71.1%, much greater than 206 the 54.4% that was estimated by concatenating eight species in a single analysis. This result 207 suggests that the genomic proportions of transposons estimated through multispecies read 208 clustering in this study should be interpreted as being underestimates, biased towards high copy 209
elements with lower divergence between species, and used mostly for comparisons of high copy 210 element percentages between species. The advantage of this analysis is that direct comparisons 211 for a given transposon cluster can be assessed across all species, without the need to perform 212 additional clustering between species. 213
The method of repeat quantification and sequence read type also largely affects the 214 estimated proportion of repetitive elements. Repetitive element content has previously been 215 Several mechanisms exist to remove repetitive element DNA from obese, transposon-255 dense genomes. One mechanism is the formation of small chromosomal deletions by illegitimate 256 recombination, which usually occurs by slip-strand mispairing or non-homologous end joining 257 (NHEJ) (Hawkins et al. 2009 ). Another mechanism is unequal intra-strand homologous (http://datadryad.org/resource/doi:10.5061/dryad.92c60). We generated leaf RNA-Seq for A. 315 asparagoides by first isolating total RNA from mature leaf tissue using a Qiagen RNeasy Plant 316
Mini kit. Total RNA quantity and quality was assessed using an RNA Nano chip on the 317
Bioanalyzer 2100. A sequencing library was generated using the TruSeq RNA Library Prep Kit 318 v2 (Illumina) according to manufacturer's instructions using 1ug of total RNA input. The library 319 was sequenced with paired end 100nt reads on an Illumina HiSeq2000, generating 55,686,513 320 read pairs (nearly 11 gigabases of data). Reads were quality trimmed using Trimmomatic 321 (v0.32), removing sequencing adapters and clipping 3' and 5' read ends with a quality score 322 lower than Phred 5. Cleaned reads were assembled using Trinity (r20140717) with default 323 parameters. We filtered transcript isoforms with low support by removing isoforms with less 324 than 0.01% of the Trinity gene subcomponent read support. Coding sequence and peptide 325 translations were inferred using TransDecoder (r20140704) with default settings. Raw sequence 326 reads for A. asparagoides has been deposited under BioProject (ID here after acceptance). Whole genomic DNA was extracted from four hermaphroditic and four dioecious species 335 using a CTAB method (Doyle and Doyle 1987) . Sequencing libraries were prepared using the 336
Roche 454 GS FLX Titanium library preparation kit according to manufacturer instructions. Raw 337 reads were first de-duplicated to remove probable emulsion PCR sequencing artifacts, then 338 filtered to remove reads less than 100nt long. Read names from all species were first prepended 339 with a unique species identifier and concatenated. The RepeatExplorer (v0.9.7.4) pipeline 340 (http://www.repeatexplorer.org) was then used to cluster, assemble, and annotate all filtered 341 shotgun reads against a custom garden asparagus RepeatMasker database (see below) using 342 otherwise default settings. Clustering and heatmap production of the 100 largest transposon 343 clusters was performed using heatmap.2 in the gplot package in R (v3.2.1) using default settings; 344 a distance matrix was generated using Euclidean distances, and hierarchical clustering was 345 performed using "complete" clustering. 346
To improve the annotations of repetitive element clusters generated through the 347 High copy elements refer to clusters with greater than 0.01% of the total read count in the 393 multispecies analysis, able to be most confidently annotated against the custom A. officinalis 394 repetitive element database. DNA transposons from several families were collapsed into a single 395 annotation class. 
